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Edited by Takashi GojoboriAbstract To identify the functional contributions of coopera-
tions among transcription factors on regulatory DNA is critical
for understanding transcription activation. But so far there is a
great lack of eﬀective identifying methods. Here we describe a
novel strategy, based on comprehensively perturbed experiments
and a computational model, to identify the cooperations among
NF-jB (p65), CREB, and AP-1 in transcription activation of hu-
man cytomegalovirus major IE1 promoter/enhancer (MIEP). In
this strategy, functional proﬁles of protein–MIEP association
and RNA synthesis are achieved through comprehensively per-
turbing the association of p65, CREB or AP-1 with MIEP and
then subjected to the computational model. Consequently, the
‘real’ cooperations contributing to MIEP activation are found
to comprise ﬁve but not seven types of potential cooperations.
Thus, our research provides a facile systematic approach to iden-
tifying the DNA-organized cooperations among transcription
factors and understanding transcription activation.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Eukaryotic cells accomplish diﬀerential gene transcription in
precise spatial and temporal patterns by employing the princi-
ples of cooperativity and transcriptional synergy and assem-
bling transcription factors into high-ordered transcription
complexes on regulatory DNA [1–5]. In fact, a small group
of transcription factors on regulatory DNA can be diﬀerently
assembled into an exponentially larger number of complexes
[6], which dynamically respond to environments in greater-
than-additive fashion. Therefore, it is of great importance to
recognize the complexes of transcription factors on the regula-
tory DNA and identify the cooperation among these factors.
Nowadays, the potential binding sites of transcription factors
on regulatory DNA are predictable on the beneﬁt of bioinfor-
matics [7], while interactions among transcription factors canAbbreviations: hCMV, human cytomegalovirus; MIEP, major imme-
diate-early enhancer/promoter; ODN, oligodeoxynucleotides; ID,
increment of diversity
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doi:10.1016/j.febslet.2005.12.027be estimated by biochemical or biophysical techniques, such
as co-immunoprecipitation (Co-IP) and ﬂuorescent resonance
energy transfer (FRET) [8–12]. But it still remains diﬃcult to
discover how transcription factors in complexes cooperate to
contribute to the transcription functions. To address this issue,
we provide a novel strategy with the key ideal: the association
of transcription factors with regulatory DNA in an in vitro
transcription system is comprehensively perturbed to expose
the two diﬀerent but relative proﬁles (protein–DNA associa-
tion and RNA synthesis); subsequent analysis of the resulted
proﬁles with our computational model leads to the identiﬁca-
tion of cooperations among these transcription factors.
Human cytomegalovirus major IE1 promoter/enhancer
(MIEP) [13,14] is a short-length regulatory DNA (about 600-
bp) optimal for our study of cooperation identiﬁcation. MIEP
activation is reported to require NF-jB (p65), CREB, and
AP-1 [13,15–17]. To speciﬁcally disrupt the association of tran-
scription factor with MIEP, we apply decoy oligodeoxynucleo-
tides (ODNs) [18–20], which has no inﬂuence on transcription
factor concentration and DNA topology. In this study, decoys
are comprehensively applied to perturb the association of p65,
CREB, AP-1, or their possible combined complexes to MIEP,
and thus expose the series of proﬁles of protein–MIEP associ-
ation and RNA synthesis. Analysing the achieved proﬁles with
comparative strategy, directly comparing proﬁles from diﬀer-
ently perturbed situations [21,22], might conventionally lead
to characterizing the contribution of individual factors but fail
to ﬁgure out the cooperations among transcription factors in
transcription. Here, to identify the cooperations, we introduce
a computational model to analyse experimental data and con-
sequently identify ﬁve kinds of ‘real cooperation’ among p65,
CREB, and AP-1. Similar analysis of randomly rearranged
experimental proﬁles or proﬁles produced from a random
number generator does not reach the identiﬁcation of these
cooperations.2. Computational model
2.1. Basic ideal
Each cooperation among transcription factors contributes to
the functions with its invariant nature, the ‘intrinsic contribu-
tion’. Intrinsic contribution of a certain cooperation is equal
in value to the largest contribution of this cooperation in all
perturbed situations. Since the functional proﬁles from the
comprehensively perturbation experiments bear redundancy,blished by Elsevier B.V. All rights reserved.
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intrinsic contributions of all potential cooperations. Linear
functions have been widely used in transcription researches
[23–26], in part, because their coeﬃcients and unknowns bear
biological/physical meaning and resolving the coeﬃcients may
leads to the address of the targeted issues. Thus, we model the
functional proﬁles as linear function and address the issue of
identifying cooperations by solve their intrinsic contributions.
2.2. Postulations and linear function for the model
Our model was carried out with three basic postulations:
(i) All potential cooperations among p65, CREB, and AP-1
can be classiﬁed into 7 (=23  1) types (F1–7), consider-
ing the topological relation within the cooperations.
These include the following:Functional cooperations
F1 (among p65, CREB and AP-1)
F2 (between p65 and AP-1)
F3 (between p65 and CREB)
F4 (p65)
F5 (between AP-1 and CREB)
F6 (AP-1)
F7 (CREB)In addition, a ‘hidden’ cooperation is also deﬁned as the
8th cooperation (F8), which contains none of these three
factors but is aﬀected by the perturbations.
(ii) Each data point in a functional proﬁle from perturbed
experiments can be divided into two parts, the perturbed
output and the unperturbed output.
(iii) The perturbed output in a certain situation is the sum
over the actual contributions of all cooperations. The ac-
tual contribution of a certain cooperation alters in diﬀer-
ent perturbed situations and is weighted by the
‘perturbation coeﬃcient’ under a certain situation.
Thus, the functional proﬁles are modelled as a linear func-
tion where the normalized data point ðEpJ Þ under the situation
Sj is ﬁnally given by,
Epj ¼
Xn
i¼1
Srjiai þ b; ð1Þ
where Srji is the ‘perturbation coeﬃcient’ weighting the contri-
bution of the cooperation Fi under the perturbed situation Sj,
and ai is ‘intrinsic contribution’ of Fi. b is the invariable con-
stant standing for an unperturbed output under all the situa-
tions.
2.3. Estimate of perturbation coeﬃcients
The a priori estimate of the perturbation coeﬃcients in our
study is achieved by evaluating the similarities (the normalized
Euclidean distances) among the binary codes of comprehen-
sively perturbed situations. The following principles are re-
quired for this estimate:
(i) The cooperations contribute exclusively and competitively
to the perturbed outputs. Thus, when decoy speciﬁc for a
certain transcription factor is applied, the cooperations
involved with this transcription factor will be aﬀected di-
rectly, and other cooperations not involved with this tran-
scription factor will be aﬀected indirectly.(ii) The more high-ordered the cooperations among tran-
scription factors are (the order of cooperations are pri-
oritized as follows: F1 > F2 = F3 = F5 > F4 = F6 = F7),
the more robust these cooperations are against perturba-
tions. For example, the robusticity of directly or indi-
rectly perturbed cooperations under the situation S2 is
prioritized as F1 > F3 = F5 > F7 or F2 > F4 = F6,
respectively.
Thus, each perturbed situation has one and only one partic-
ular cooperation, whose actual contribution is in value equal
to intrinsic contributions. The following is the list of the per-
turbed situations and their corresponding cooperations with
full intrinsic contributions (that means the actual contribution
is in value equal to intrinsic contributions):Perturbed situations (S) Cooperations with full
intrinsic contributionsS1 (decoy for none
speciﬁcity)F1 (among p65, CREB and
AP-1)S2 (decoy for CREB) F2 (between p65 and AP-1)S3 (decoy for AP-1) F3 (between p65 and
CREB)S4 (decoy for CREB and
AP-1)F4 (p65)S5 (decoy for p65) F5 (between AP-1 and
CREB)S6 (decoy for p65 and CREB) F6 (AP-1)S7 (decoy for p65 and AP-1) F7 (CREB)S8 (decoy for p65, CREB and
AP-1)F8 (The ‘Hidden’ one)then we evaluated all perturbation coeﬃcients ðSrjiÞ with the
given function that adequately describes the above principles,
Srji ¼ 1 jdistðV j; V iÞj. ð2Þ
where dist(Vj,Vi) is the Euclidean distance among jth and
ith perturbed situations (Sj and Si) and evaluated by the
function,
distðV j; V iÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃXn
k¼1
ðV jk  V ik Þ2
s
; ð2:1Þ
where (Vj,Vi) represent the binary codes of Sj and Si, and V jk
or V ik represent the kth element in Sj or Si as the followed cor-
responding codes.Perturbed situations (S) Binary codes (V)S1 – – – V1 0 0 0S2 – C – V2 0 1 0S3 – – A V3 0 0 1S4 – C A V4 0 1 1S5 K – – V5 1 0 0S6 K C – V6 1 1 0S7 K – A V7 1 0 1S8 K C A V8 1 1 1Finally, perturbation coeﬃcients ðSrjiÞ can be solved by nor-
malizing the Euclidean distances among binary codes of com-
prehensively perturbed situations and representing them as
numerical value between 1 and 0 as jdist(Vj,Vi)j.
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To resolve the undetermined linear system of equations
(Formula (1)) when considering the condition of
b 6¼ 0;
a linear network algorithm (inputs: Sr or its subsets, outputs:
Ep or its subsets corresponding to the subsets of Sr) was used
similar to that described previously [16,25,26]. To correctly
solve vector a and constant b, we attained 28  1(=255) data
subsets of the redundant experimental data and ﬁtted the solu-
tions of vector a and constant b with the linear network algo-
rithm by these subsets. These ﬁtted solutions were then
separately applied to predict the whole proﬁles by
simE
pk
j ¼
Xn
i¼1
Srjia
k
i þ bk ; ð3Þwhere simE
pk is the predicted whole proﬁle, and ak and bk are the
network ﬁtted solutions from data subset k(k = 1–255). Then,
‘increment of diversity’ (ID, an information coeﬃcient to eval-
uate the correlation between predicted and actual proﬁles)
[27,28] is introduced here to estimate the eﬃciencies of these
predictions, and the ﬁnal solutions are the means of all eﬃcient
solutions at the eﬃcient threshold of ID(simE
pk,Ep) 6 0.1.
2.5. Examining the eﬃciency of the computational model
To avoid over-ﬁtting, we justify the redundancy of the exper-
imental data sets in three aspects:
(i) We produced 100 groups of normalized proﬁles by a ran-
dom number generator and examined the eﬃciencies of
the 255 data subsets of each random proﬁle, substituted
the experimental proﬁles in the model, in predicting their
whole proﬁle.
(ii) We also examined the correlations between the sizes of
the data subsets and their predicting eﬃciencies from
experimental or random proﬁles.
(iii) We randomly re-arranged the data points in the experi-
mental proﬁles with 50 times and examined their redun-
dancy with the procedure mentioned in (i).
The programs used in this paper were written in MATLAB
(The Mathworks). Herein, the linear network algorithm uti-
lized here is based on a little modiﬁed MATLAB function
‘newlind’, the random number generator is applied with the
MATLAB function ‘rand’ that produced the uniformly distrib-
uted random numbers, and the MATLAB function ‘randperm’
is used to produce the random rearrangements.3. Materials and methods
3.1. Decoy oligodeoxynucleotides and systematic perturbations
Double-stranded ODN decoys, ‘alias’ as K, A, and C targeting to
NF-kappa B(p65), AP-1, and CREB, respectively, were generated by
annealing equal molar amounts of single-stranded sense and antisense
oligonucleotides containing these transcription factors binding sites,
the sense oligonucleotide sequences as followed:
decoy K: 5 0-AGTAGGGAATTCCCATAA-30,
decoy A: 5 0-CGCTTGATGAGTCAGCCGGAA-3 0 (Promega),
and decoy C: 5 0-AGAGATTGCCTGACGTCAGAGAGCTAG-3 0
(Promega).
As a control for sequence nonspeciﬁc eﬀects, we used a double-
stranded oligonucleotide consisting of a nonrelevant sequence (N:
sense strand 5 0-TCCAGCACCACGGACAGTTCC-3 0). Sense andantisense oligonucleotides were dissolved and mixed in the solution
of 50 mM NaCl, heated to 100 C, and allowed to cool down to room
temperature to obtain double-stranded DNA. The decoys were puri-
ﬁed by Sephadex G-25 columns (Quick Spin Columns, Roche Molec-
ular Biochemicals), diluted with distilled water. Diﬀerent combinations
of decoys of K, A, and C (concentration of each decoy is 5 pmol/each
reaction) were added as perturbed situations to the in vitro transcrip-
tion reaction system and SPR protein–MIEP association assay system.
The perturbed situations are as followed (plus decoy N to ensure the
equimolar amounts of decoys in all reaction systems).Situation K (pmol) C (pmol) A (pmol) N (pmol)S1 – – – 15
S2 – 5 – 10
S3 – – 5 10
S4 – 5 5 5
S5 5 – – 10
S6 5 5 – 5
S7 5 – 5 5
S8 5 5 5 –The palindrome decoys were applied here and included the decoy P
(5 0-CCCATTGACGTCAATGGG-3 0). As the negative control decoys,
palindrome mutant for decoy P ‘alias’ as mP (5 0-CCCATTGAGCT-
CAATGGG-3 0), was applied here.3.2. Surface plasmon resonance
Surface plasmon resonance (SPR) assays were performed with
BIAcore 2000 instrument (Biacore AB, Uppsala, Sweden) to measure
the molecular mass binding to the DNA probes when elution con-
taining HeLa nuclear extract ﬂows through the ﬂow cell of the bio-
sensor. Here, 588-bp double-stranded DNA fragments containing
the cytomegalovirus MIE promoter/enhancer were biotinylated at 5 0
termini of both strands and labelled on a streptavidin-coated Biacore
CM-5 sensor chip at the level of 4 fmol. In each reaction, 20 lg HeLa
nuclear extract (HeLaScribe Nuclear Extract, Promega) was pre-
treated with each of various situations of combined decoys (details
see Section 1) and then injected into the machine to measure the
SPR signal that is recorded after injection of HeLa reaction stopped
in 1 min. To maintain the reaction time as 1 h (the same as the reac-
tion time of the in vitro transcription assay), we also adjusted the
injection volume and the elution rate (5 ll/min), so that the concen-
tration of decoy ODN in the ﬂow cell is 20 fmol during the 1-h elu-
tion process. Thus the molar ratio of MIEP:decoy ODN in our SPR
experiments was 1:5, which is the same as used for assaying MIEP-
dependent transcription. All assays were carried out in buﬀer of
8 mM HEPES (pH 7.9), 100 mM KCl, 6 mM MgCl2, 0.08 mM
EDTA, 0.2 mM DTT.3.3. In vitro RNA synthesis
In vitro RNA synthesis reactions were carried out as previously de-
scribed [29,30] with minor modiﬁcations. Transcription reaction mix-
tures (total volume, 25 ll) containing 8 mM HEPES (pH 7.9),
100 mM KCl, 6 mM MgCl2, 0.08 mM EDTA, 0.2 mM DTT, 8% glyc-
erol, 500 ng (about 1 pmol) of template DNA (750-bp length) of hu-
man cytomegalovirus (hCMV) MIE promoter/enhancer, 20 lg HeLa
nuclear extract (Promega) were incubated at 30 C for 10 min at vari-
ous situations of perturbation (details see Section 1) prior to the addi-
tion of 25· rNTP (Promega), and of [a-32P]UTP (3000 Ci/mmol,
10 mCi/ml) 1 ll. The reaction mixtures were then incubated for 1 h
at 30 C and then stopped by adding 175 ll stop solution (0.3 M
Tris–HCl [pH 7.4], 0.3 M sodium acetate, 0.5% SDS, 2 mM EDTA,
25 lg of tRNA/ml). The reaction solutions were extracted twice with
phenol–chloroform–isoamyl alcohol (25:24:1, vol/vol/vol). The nucleic
acids in the reaction solutions were ethanol precipitated, air dried, and
dissolved in 4 ll of nuclease-free water, and then an equal volume of
loading dye (98% formamide, 10 mM EDTA, 0.1% xylene cyanol,
0.1% bromophenol blue) was added. The samples were then heated
at 90 C for 10 min and electrophoresed in a 6% denaturing (7 M urea)
polyacrylamide gel containing 0.5· Tris–borate-EDTA buﬀer. The
amounts of radiolabeled transcript and extraction control bands were
then quantiﬁed with a PhosphorImager (Molecular Dynamics). And to
evaluate the palindrome aﬀecting the MIEP directing RNA synthesis,
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scription of systematic perturbation but and the palindrome decoys, P
or mP with the gradients of 0, 25, 50 times molar excess was added to
the reactions, replaced the multiple decoys of K, C, and A.
3.4. Competing EMSA
To conﬁrm the protein-binding speciﬁcity of the decoys of K, C, and
A (we have mentioned them in the ﬁrst section). Protein–DNA com-
plexes were formed in 20 ll reaction mixtures containing 8 mM
HEPES (pH 7.9), 100 mM KCl, 6 mM MgCl2, 0.08 mM EDTA,
0.2 mM DTT, 8% glycerol, 25 fmol of [c-32P]dATP labelled probes
(K, C ,and A, respectively) at the 5 0 ends using the T4 PNK, and
20 lg HeLa nuclear extract (Promega). Reaction mixtures were incu-
bated at 30 C for 60 min at perturbed situations of series decoys
(including K, C, and A as the competitors at 25 times molar excess
over the concentrations of labelled probes) coding the binding sites
of various transcription factors of p65, CREB, and AP-1, and sepa-
rated on a 6.0% native polyacrylamide gel at 100 V in 1· TBE at
4 C. After gel electrophoresis, the amounts of radiolabeled probes
bands in gel were detected by autoradiography. And to conﬁrm the
palindrome binding to the transcription factors of AP-1 and CREB,
competing EMSA was applied here as the above procedures, in which
the binding of 25 fmol of [c-32P]dATP labelled probes of C and A at
the 5 0 ends using the T4 PNK were competed with the decoys of the
palindromes of P and mP as the competitors at perturbed situations
of series of gradient (0, 25, 50 times molar excess).
3.5. Mobility shift-Western blot
To recognize the shifting band of MIEP-bound p65 or AP-1, c-
[32P]dATP-labelled MIEP DNA fragments were applied in 20 ll reac-
tion mixtures containing 8 mM HEPES (pH 7.9), 100 mM KCl, 6 mM
MgCl2, 0.08 mM EDTA, 0.2 mM DTT, 8% glycerol, 500 ng of DNA
fragments of hCMV MIEP (588-bp length), and 20 lg HeLa nuclear
extract (Promega). Reaction mixtures were incubated at 30 C for
60 min and separated on a 6.0% native polyacrylamide gel at 100 V
in 1· TAE at 4 C. After gel electrophoresis, the separated protein–
MIEP complexes were transferred by electroblotting onto nitrocellu-
lose membrane (Amersham). The radiolabeled MIEP bands on
membranes were detected by autoradiography. The nitrocelluloseFig. 1. Functional proﬁles from all situations of systematic perturbation. (A
signs ‘’ or ‘+’ mean the absence or presence of the speciﬁc decoys. (B) The s
labelled probes (\K, \C, or \A) binding to its target transcription factor (in th
The proﬁles of protein–MIEP association in all perturbed situations. The va
application of non-speciﬁc decoys). (D) The proﬁles of RNA synthesis in a
amounts of [a-32P] UTP incorporated in the newborn RNA in situation S1.membrane was then blocked with 0.1% Tween 20 and 5% non-fat milk
in Tris–buﬀerd saline solution pH 7.4. The blotted proteins were
probed with primary antibodies (1:2000 for detecting p65, 1:500 for
detecting AP-1). Primary antibodies used were rabbit anti-NFjB(p65)
and anti-AP-1 (Santa Cruz Biotechnology).
After identiﬁcation of the band of MIEP-bound p65, to easily detect
the altered amount of MIEP-bound p65 or AP-1 in diﬀerent perturbed
situations with various concentrations (0, 25, 50 times molar excess) of
decoy P or decoy mP, we applied procedure similar to the above but
the cold MIEP replaced the radiolabeled MIEP in the reaction
mixture.4. Results
4.1. The functional proﬁles in systematically perturbed situations
HeLa nuclear extracts have been a widely used in transcrip-
tion research [29,30] as they comprise numerous transcription
factors. The transcription activation of MIEP has been re-
ported to require at least three transcription factors (p65,
CREB, and AP-1) [13,15–17]. When decoy speciﬁc for one of
these factors were comprehensively combined and applied to
the in vitro system containing MIEP and HeLa nuclear ex-
tracts, eight diﬀerent perturbed situations (S1–S8) come into
being (Fig. 1A). To verify the eﬀectiveness and speciﬁcity of
decoy application, we performed EMSA and found that the
binding of [c-32P] labelled probes can only be abolished by
the application of cold probes of the same kinds but not those
of the other kinds (Fig. 1B), indicating that the decoys, used in
this study, for p65, CREB or AP-1 are speciﬁc and show no
cross with one another. Thus, we comprehensively added de-
coys into the in vitro system and measured protein–MIEP
association and RNA synthesis with SPR instrument and the
[a-32P] UTP-incorporated RNA, respectively. Results showed
that protein–MIEP association was reduced to diﬀerent extent) All situations of systematic perturbation are shown as S1–S8, and the
peciﬁc competitions of the decoys (K, C, and A) for their target [c-32P]
e three transcription factors of p65, CREB, and AP-1), respectively. (C)
lues are presented as percentages of readout in situation S1 (with the
ll perturbed situations. The values are presented as percentages of the
Each value is the average of at least three independent experiments.
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duced only in S4–6 and S8 (Fig. 1D). Moreover, the correla-
tion coeﬃcient between these two functional data is
calculated [rmean = 0.26 (n = 8)], indicating no apparently cau-
sal connection between these two functional proﬁles.
To analyze the functional proﬁles included in Fig. 1 with the
comparative strategy, these data would be reorganized into
three groups with the absence or presence of decoys (Fig. 2)
for p65 (top panels), CREB (central panels) or AP-1 (bottom
panels). Thus, it might be concluded that preventing AP-1
from associating with MIEP reduced protein–MIEP associa-
tion and increased RNA production, while preventing p65 or
CREB from associating with MIEP decreased both proﬁles.
But this strategy provides little information about the contri-
butions of cooperations among these factors to the functional
proﬁles.
4.2. Identiﬁcation of the cooperations among p65, CREB, and
AP-1 in MIEP activation
To identify the ‘real’ cooperations among the three tran-
scription factors in this MIEP transcript system, we introduced
a computational model and transform this biological issue into
resolving the intrinsic cooperations of all potential coopera-
tions with the linear function of formula (1) (details see Section
2). The a priori estimate of the perturbation coeﬃcients ðSrjiÞ in
this formula is achieved by evaluating the similarities (the nor-
malized Euclidean distances) among the binary codes of per-
turbed situations. The perturbed output of the data point is
the sum over the actual contributions, weighted by the pertur-
bation coeﬃcients, of all potential cooperations. For example,
in situation S5, the evaluated perturbation coeﬃcients and the
intrinsic contributions of F(1–8) determined the perturbed out-
put of the data point (Ep5) (Fig. 3A). On the other hand, a cer-
tain cooperation, for example the cooperation F1, contributed
distinctly to the perturbed outputs in diﬀerent perturbed situ-
ations (Fig. 3B). Similarly, the matrix (Sr) of perturbationK-/K+
C-/C+
A-/A+
- + + -C
- - + +A
- + + -K
- - + +A
- + + -K
- - + +C
Protein-MIEP associationA
- +C
-A
- +K
-A
- +K
-C
RNA B
Fig. 2. Comparative strategy for characterizing the roles of the individual tran
MIEP association in three groups with the absence and presence of p65, CRE
(B) Reorganization of functional proﬁles of RNA synthesis in three groups wicoeﬃcient was attained by evaluating the Euclidean distances
among the binary codes of comprehensively perturbed situa-
tions in Formula (2) and (2.1) (see Section 2) and diagrammed
in Fig. 4A.
The matrix Sr and normalized proﬁles (Ep) of protein–MIEP
association were then substituted in the underdetermined sys-
tem of linear equations Formula (1). The approximate solu-
tions of: (i) intrinsic contributions ab and (ii) the
unperturbed outputs (the constant bb) were then solved as
the means of eﬃcient solutions ﬁtted by 255 data subsets at
an eﬃcient threshold of IDðEpsimi;EpÞ ¼ 0:1 (details see Section
2). The vector ab is the group of evaluated intrinsic contribu-
tions representing the invariant features of F(1–8) in protein–
MIEP association, and we deﬁned that value of abi is signiﬁ-
cant under the condition of mean(jabij) P 0.05 (P < 0.01). It
consequently turned out that the mean values of ab
(1,2,3,4,6) are signiﬁcant (mean(jab(1,2,3,4,6)j) > 0.05)
(Fig. 4B, top panels), indicating that F(1–4, 6) are the ‘real’
cooperations determining protein–MIEP association. Simi-
larly, the matrix (Sr) and normalized proﬁle (Ep) of RNA syn-
thesis were substituted to solve the approximate solutions of
the intrinsic contributions at. Vector at represents the invariant
features (the intrinsic contributions) of F(1–8) in RNA synthe-
sis, and ati is signiﬁcant in the situation of mean(jatij) P 0.05
(P < 0.01). It is interesting that the mean values of at
(1,2,3,4,6) are signiﬁcant [mean(jat(1,2,3,4,6)j) > 0.05]
(Fig. 4B, bottom panel), which is coincident with values of
ab and indicates that F(1–4, 6) determine RNA synthesis.
Thus, cooperations F(1–4, 6) rather than F5, F7 or F8 were
identiﬁed as the ‘real’ cooperations determining both func-
tional proﬁles of this system, which implies an ‘natural coher-
ence’ between protein–MIEP association and RNA synthesis.
Thereinto, F(1–4) represent all p65-involved cooperations,
and F6 represents a cooperation only AP-1 involved. More-
over, the value of correlation coeﬃcient between ab(1–4) and
at(1–4) is calculated [rmean = 0.71, (n = 4)]. This indicates thatK-/K+
C-/C+
A-/A+
+ -
- + +
+ -
- + +
+ -
- + +
synthesis K: p65 decoy ODNs
A: AP-1 decoy ODNs
C: CREB decoy ODNs
scription factors. (A) Reorganization of functional proﬁles of protein–
B or AP-1 decoys, respectively in the top, middle, and bottom panels.
th the absence and presence of p65, CREB or AP-1 decoys, respectively.
Fig. 3. Exempliﬁcation of computational model. (A) All possible
cooperations F(1–8) among p65, CREB, and AP-1 were shown on the
left. Their corresponding perturbation coeﬃcients under a speciﬁc
perturbed situation (for example S5) were evaluated and presented on
the middle. The summation of contributions of F(1–8) determined the
perturbed output Ep5 under situation S5. (B) The cooperation F1
(CREB/AP1/p65) contribute distinctly to the perturbed outputs in
diﬀerent perturbed situation Sj (j = 1–8).
Fig. 4. Identiﬁcation of cooperations among p65, CREB, and AP-1.
(A) Matrix of perturbation coeﬃcients derived from the systematic
perturbation. A row of the matrix represents perturbation coeﬃcients
of F(1–8) in a certain situation. The values are normalized to
perturbation coeﬃcient of the cooperation displaying full intrinsic
contribution in this certain situation. A column of the matrix means
perturbation coeﬃcients of a certain contribution in all perturbed
situations. (B) Intrinsic contribution of F(1–8) evaluated from both
functional proﬁles. The x-axis represents (1–8) a indicated, and ab and
at represent the intrinsic contribution resolved from protein–MIEP
association and RNA synthesis, respectively. (C) Model for the
recognized cooperations aﬀecting protein–MIEP association and RNA
synthesis.
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tion and RNA synthesis in perfect counter-correlation. In re-
gard to F8, the hypothetic cooperation containing no
targeted transcription factors, it contributes to neither of the
functional proﬁles in our case. In Fig. 4C, we diagrammed
how these recognized cooperations contribute to protein–
MIEP association and RNA synthesis.
We also solved the unperturbed outputs (bb and bt), which
are contributed by the perturbation-unaﬀected machinery on
MIEP. The approximate solution of bb was valued as 0.12,
which suggests that 88% of protein–MIEP association can be
perturbed by these decoys. The approximate solution of bt
was valued as 0.57, which means that 43% of synthesized
RNA can be perturbed by these decoys and indicates that there
is a regulatory complexity in the MIEP-organized transcrip-
tion control system.
To test whether the experimental proﬁles bear the redun-
dancy, we generated 255 data subsets from the 8 experimental
data points or from random proﬁles produced from a random
number generator, and predicted the whole proﬁles with these
subsets. Then, the histograms of the increments of diversity
(ID, see Section 2) were introduced to estimate the eﬃciency
of the 255 data subsets from experimental data and the ran-dom data in predicting the whole proﬁles. As shown in
Fig. 5A, when under the condition of IDðEpi;EpÞ 6 0:1, there
are 107 eﬃcient solutions (about 42% in all 255 ﬁtted solu-
tions) of ab for protein–MIEP association, 74 eﬃcient solu-
tions (about 29% in all 255 ﬁtted solutions) of at for RNA
synthesis, and 2009 eﬃcient solutions (about 7.9% in all
255 · 100 ﬁtted solutions) of vector a for random data subsets.
Furthermore, we examined the correlating maps between the
size and the predicting eﬃciency of the 255 data subsets from
the proﬁles of experiments or random data. As shown by the
diagram in Fig. 5B, the means of the predicting eﬃciencies
(measured as ID between predicted and the true proﬁles in
100 times) of random data subsets but not experimental data
drop down when reducing the size of data subsets. We also
randomly rearranged data points from the experimental pro-
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Fig. 5. Eﬃciency of the computational model. (A) The histograms of
the predicting eﬃciencies (ID) of the 255 data subsets in 8-data-point
proﬁles from experiments (top and middle panels) and random control
(bottom panel, repeat 100 times). (B) Experimental data have
redundant information. The predicting eﬃciency (ID) of the random
data (red line) rather than protein–MIEP association (blue line) or
RNA synthesis (green line) changed correlatively with the data size.
(C) The histograms of the predicting eﬃciencies (ID) of the 255 data
subsets in 8-data-point proﬁles from experiments and the randomly
rearranged proﬁles (repeat 50 times).
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data subsets. As Fig. 5C showed that the mean histograms of
the randomly rearranged proﬁles in 50 times did not have sig-niﬁcant predicting eﬃciencies as the experimental proﬁles of
protein–MIEP association and RNA synthesis. Thus, it can
be concluded that the experimental proﬁles (also each of them
has 8 data point) have the redundancy, with which the nature
of cooperations among the multiple factors can be disclosed in
our model.
4.3. New roles of palindromes revealed by computational model
Though palindromes on MIEP were reported to contain
CREB binding sites [31–35], our primary experiment found
that the application of palindrome (decoy P) in the in vitro
transcript system reduced RNA synthesis (Fig. 6A), opposite
to the eﬀect of decoy C for CREB (S2, see Fig. 1B). If palin-
drome on MIEP is diﬀerent from CREB binding site, applica-
tion of palindrome/decoy P (deﬁned as situation Sp) is
expected to be the same as one of S1–S8, which are compre-
hensive. We compare the eﬀect of Sp on in vitro transcription
to that of S1–S8 and found that decoy in S4–6 and S8, but not
S2, qualitatively decreased RNA synthesis similar to what de-
coy P did. The Sp could not actually be S5 since decoy P con-
tains the CREB binding sites while only decoy K is applied in
S5. Our computational results suggested that F4 (p65), F6
(AP-1), and F8 (hidden cooperation) displays their actual con-
tribution as full intrinsic contribution in situations S4, S6, and
S8, respectively, and that F8 does not really exist. Thus, the
association of p65 or AP-1 to MIEP is expected to be at higher
level in situation S4 or S6, respectively, than in other situa-
tions. To identify the MIEP-bound p65, we used the mobility
shift and Western blot assay: bands of p65 (in white) by using
Western blot and bands of MIEP (in blue) by using autoradi-
ography, and consequently we merged the two images and
determined the co-localized band marked by arrow as
MIEP-bound p65 (in red, Fig. 6B). Similarly, the band of
MIEP-bound AP-1 was determined (data not shown). We then
applied dose of decoy P or decoy mP in this mobility shift and
Western blot assay and found that increased concentration of
decoy P in in vitro system lead to the increase of MIEP-bound
p65 and the decrease of MIEP-bound AP-1 (Fig. 6C), indicat-
ing that AP-1 (F6) did not display full intrinsic contribution in
Sp. These results suggested that Sp is equal to S4, in which de-
coy C and A are applied, and indicates that palindromes con-
tain AP-1 binding site besides CREB binding sites. To test this
indication that palindrome contains AP-1 binding site besides
CREB binding sites, we carried out EMSA experiments and
found that decoy P instead of its mutants abolished the bind-
ing of both probe A and probe C (see Fig. 6D). This result con-
ﬁrmed that application of decoy P is in fact equal to
application of decoy C and decoy A in S4 and revealed the
new roles of the palindrome which can bind to AP-1 besides
CREB.5. Discussion
The current study primarily emphasizes the identiﬁcation of
cooperations among transcription factors but not the func-
tions of these molecular individuals by themselves. So far it
is still lack of eﬀective method for identifying cooperations,
since it diﬃcult for techniques such as Co-IP or FRET to sep-
arate multiple similar complexes when the latter exist in the
same system. Using the computational model in this study,
we identify ﬁve cooperations among the three transcription
Fig. 6. Experimental identiﬁcation of the roles of palindrome. (A)
Synthesized RNA decreases in a dose of decoy P dependent manner.
(B) Detection of p65 with Western blot and MIEP with autoradiog-
raphy in a gel-retardation complex in EMSA. Results are shown as a
pseudo-color map: bands of p65 are set as in white, the shift bands of
MIEP are set as in blue, and their co-localized band is set as in red
(marked by an arrow). And the detection of MIEP-bound AP-1 is
similar to the detection of MIEP-bound p65 (Data not shown). (C)
MIEP-bound p65 increases in a dose of decoy P dependent manner
(top panel); MIEP-bound AP-1 decreases in a dose of decoy P
dependent manner (bottom panel). (D) Palindrome decoy (P) decreases
the bindings of [c-32P] labelled probe A (\A, the AP-1 targeting site)
and C (\C, the CREB targeting site).
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diﬀerent transcription factors supports the principle of cooper-
ativity and transcription synergy concluded from previous
experimental evidence [1,5]. Moreover, the computational re-
sults illustrate that F1 and F4 behave counter to F2 and F3.
In fact, F1–4 are all p65-involved cooperations. Thus these re-
sults suggest that prevention of p65 and MIEP association
could reduce or enhance MIEP transcription and that p65
should not be merely characterized as an activator or repres-
sor, an eﬀect similar to that of glucocorticoid receptor [36].
Surprisingly, analyzing the experimental data with compara-
tive strategy might lead to conclusion that prevention of p65
and MIEP association would slightly decrease RNA synthesis
(see Fig. 2, top panels). Our further experiments show that de-
coy P increases MIEP-bound p65 and decreases RNA synthe-
sis (see Fig. 6A and C), a result more close to conclusion from
the computational model than that from comparative strategy.
Our computational model accomplished the prediction of
‘‘topological cooperations’’ without regard to the biological
nature (protein–protein or protein–DNA interactions, and
the strength or orientation of the interactions) of these cooper-
ations. It means that to understand the nature of the coopera-
tions, further experimental examinations will be required.
Therefore, to identify the cooperations might help us to close
up the nature of regulatory machineries in multi-factor
systems.
Transfection of the decoys corresponding to cis-regulatory
sequences will result in the attenuation of authentic cis–trans
interactions, leading to the removal of transcription factors
from the endogenous cis-elements with subsequent modulationof gene expression [37,38]. Therefore this ‘‘decoy’’ strategy is
not only a well-established strategy for gene therapy as an anti-
gene strategy [15,39,40], but also a powerful tool for the study
of endogenous gene regulation in vivo as well as in vitro. In
our work, we use the ‘‘decoy’’ strategy because of the following
two reasons: (i) There are redundant cis-elements of jB sites
and CRE sites on human MIEP, and the same transcription
factor binding to the MIEP region can occur in several posi-
tions. Thus, to totally block the cis–trans interactions, ‘‘decoy’’
strategy is better than producing multiple mutations on the
MIEP sequence. And (ii) our studying goal is to identify the
regulatory DNA organizing cooperations among transcription
factors, so that the application of the decoys in experimental
perturbations avoids introducing the undetermined changes
in the MIEP sequence. Furthermore, we also applied compet-
ing EMSA to examine the speciﬁcity of transcription factor
binding to the decoy (see Fig. 1B).
With the computational models, the redundant experimental
data is necessary for investigators clarifying the new rules in
the hidden systems of the living things. Thus, to justify the
experimental data bearing the redundancy is very important
for the computationally modeling the biological systems. In
our study, for identifying the contributions of the three indi-
vidual transcription factors, a functional proﬁle containing
eight data points from the comprehensively perturbed experi-
ments is redundant. However, for identifying the contributions
of the eight potential cooperations (7 are among the 3 tran-
scription factors, and rest is the hidden one), we should devel-
op a method to justify whether the experimental proﬁles bear
the redundancy. To answer the question, the model with the
proper a priori estimates of the nature of the transcription ma-
chines, such as the a priori estimate of the perturbation coeﬃ-
cients, should be ﬁrstly established. And with the proper
estimate, we will ﬁnd the redundancy, with that the predicting
eﬃciencies of the data subsets from the experimental data are
signiﬁcantly higher than from the random proﬁles (see Fig. 5).
In the computational model used in the current study, com-
prehensively perturbed situations are coded as the binary
codes, and thus identiﬁcation of the cooperations is trans-
formed into mathematically resolving an underdetermined sys-
tem of linear equations. Similarly, the comprehensive
mutagenesis of regulatory DNA (such as the deletion mapping
of promoters) can also be coded as the binary codes and thus
the cooperations among the cis-elements embedded on regula-
tory DNA can also be identiﬁed. When weighting the matrix of
perturbation coeﬃcients which are determined by the similar-
ities among perturbed situations, a simple measurement of
Euclidean distances rather than various other distance mea-
surements is utilized in our case. In fact, our strategy is opened
to identify the DNA-organized ‘hidden’ cooperations among
untargeted transcription factors in the series of deletion map-
ping experiments. There are two kinds of ‘hidden’ coopera-
tions in our model, (i) perturbation-unaﬀected ones (the
unperturbed output of a data point described its contribution),
and (ii) perturbation-aﬀected ones (the perturbed output of a
data point described its contribution in a certain situation),
such as the cooperation F8 in this paper, evaluated by its
intrinsic contribution. If the contributions of the ‘hidden’ coo-
perations are of signiﬁcance in some case, it is suggested that
these cooperations exist and do contribute to the functions.
Thus the list of targeted transcription factors or other regula-
tors in the regulatory system should be expanded. In our case,
G. Niu et al. / FEBS Letters 580 (2006) 415–424 423for example, the perturbation-aﬀected hypothetic cooperation
F8 was found to have little contribution to the functions
(Fig. 4B). On the other hand, the unperturbed output derived
from RNA synthesis proﬁles is remarkable (bt = 0.57), whereas
the unperturbed output derived from protein–DNA associa-
tion is relative weak (bb = 0.12). This suggests that the binding
of proteins to MIEP was able to be perturbed at large level by
the combination of decoys (A, C, and K) whereas the RNA
synthesis was kept at a relatively stable level under the pertur-
bations. Consistently, experimental data included in Fig. 1C
and D showed that combination of p65, CREB, and AP1
ODNs (situation S8) greatly decreases total protein binding,
yet mildly decreases RNA synthesis. Thus, we could further
evaluate the unknown spaces in the future research described
as the following questions: Should we go on identifying the
‘‘hidden’’ cooperation that cannot be perturbed by all the com-
prehensive situations? Or should it be necessary for us to ﬁnd
out the new transcription factors in the other ‘‘hidden’’ coop-
eration that responds to the perturbations?
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